Our aim was to investigate the functional properties of the noradrenergic system in genetically modified mice lacking the norepinephrine transporter (NET). We measured the uptake and release of [ 
Introduction
According to the monoamine theory, the neurochemical background of depression is an impairment of noradrenergic and/or serotonergic neurotransmission and the concomitant decrease of biophase concentration of these transmitters (Hindmarch, 2001; Wong and Licinio, 2001 ). The extracellular concentration of monoamines is primarily determined by two factors: the release from terminals and varicosities, and the reuptake by monoamine transporters. Currently, the most common therapeutic approach for the treatment of depression is to increase the level of norepinephrine (NE) and/or serotonin (5-HT) by inhibition of neuronal reuptake; therefore, monoamine transporters have great clinical importance as primary targets for antidepressant drugs (Iversen, 2000; Vizi, 2000) .
All of the monoamine uptake carriers belong to the family of Na ϩ /Cl Ϫ -dependent membrane transporters containing 12 transmembrane domains (Amara and Arriza, 1993) . The cloning and sequencing of monoamine transporters in the early 1990s Giros et al., 1991 Giros et al., , 1992 Pacholczyk et al., 1991; Ramamoorthy et al., 1993) revealed that these proteins show a very high degree of structural homology. Including the conservative substitutions, the amino acid sequence identity of the NE and dopamine transporters (NET and DAT) is Ͼ75% (Giros et al., 1992) , whereas the 5-HT transporter (SERT) is also very similar, its homology with NET being Ͼ60% . This high degree of homology may explain the accumulating observations suggesting that functional segregation of monoaminergic pathways is not as marked as it was assumed previously (Carboni et al., 1990 (Carboni et al., , 2001 Cases et al., 1998; Rocha et al., 1998; Yamamoto and Novotney, 1998; Mundorf et al., 2001; Sora et al., 2001; Moron et al., 2002; Uhl et al., 2002) .
Recent development of genetically modified mice lacking the NET (Wang et al., 1999; Xu et al., 2000) opened new perspectives for studying the function of different monoaminergic systems. Our aim was to investigate the alterations and possible interactions of noradrenergic and other monoaminergic systems in the NET-deficient mice using functional (uptake and release) experiments.
Materials and Methods

Animals
The original breeding pairs of NET knock-out (KO) and wild-type (WT) mice (C57BL/6J based) were transferred from the Duke University Medical Center (Durham, NC). The animals contained the DNA construct previously shown to produce genetic deletion of the NET (Xu et al., 2000) . All of the experiments were performed on adult (3- H]nisoxetine (0.1-1.7 nM) were incubated at 4°C for 3 hr in a final volume of 250 l of 50 mM Tris-HCl buffer, pH 7.4, containing 300 mM NaCl and 5 mM KCl. The nonspecific binding was determined in the presence of 10 M desipramine. The binding was initiated by the addition of [ 3 H]nisoxetine and was terminated by rapid vacuum filtration over GF/B filters soaked in 0.05% polyethylenimine. The protein concentration (0.8 -1 mg/ml) was measured by the modified method of Lowry et al. (1951) using CuEDTA. The dissociation constant (K d ) and the receptor density (B max ) were calculated by LIGAND program.
PCR analysis
The authenticity of WT, heterozygous, and NET KO mice was confirmed by PCR. Genomic DNA was isolated from the tails of young animals with DNeasy Tissue kit (Qiagen, Hilden, Germany), and the presence of NE transporter and eGFP (enhanced green fluorescent protein) gene was tested by PCR using gene-specific primers. PCR reactions were performed in a GeneAmp PCR System 2700 using Promega (Madison, WI) Taq polymerase (1 U per 30 l reaction mixture). PCR temperature protocol consisted of initial activation at 94°C for 5 min, followed by 40 cycles at 94°C for 1 min, 57°C for 1 min, and 72°C for 1.5 min. A final elongation period of 10 min at 72°C was also included. PCR products were analyzed on 1% agarose gel stained with ethidium bromide. H]NE at a concentration of 10 Ci in 1 ml of Krebs' solution. When the involvement of 5-HT transporters was investigated, the selective serotonin reuptake inhibitor (SSRI) citalopram (1 M) was present during the loading period and throughout the experiment. The nonspecific uptake and release was measured in the presence of citalopram, the selective DA uptake inhibitor 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine dihydro-chloride (GBR 12909), and the selective NE uptake inhibitor nisoxetine (1 M each). The mixture of selective monoamine uptake inhibitors was present also during the loading period and throughout the experiment. After the loading period, the slices were washed three times with 10 ml of ice-cold oxygenated Krebs' solution and transferred into a four-channel microvolume (100 l) perfusion system kept at 37°C. Four slices were put into each chamber and the preparation was superfused with Krebs' solution at a rate of 0.5 ml/min for 60 min (preperfusion period), and the effluent was discarded. After preperfusion, 19 3 min fractions were collected. Electrical stimulation (20 V; 2 Hz; 1 msec; 360 impulses) was applied during the third (S 1 ) and the thirteenth sample (S 2 ). When the effect of 7,8-(methylenedioxy)-14-␣-hydroxyalloberbane HCl (CH-38083) was investigated, the drug was added to the Krebs' solution from the ninth fraction and was kept in the medium until the end of experiment. Then, the slices were removed from the chamber and homogenized in 5 ml of 10% trichloroacetic acid. A 0.5 ml aliquot of the supernatant was added to 2 ml of scintillation mixture (Ultima Gold; Packard, Meridian, CT), and the radioactivity was measured with a Packard 1900 TR liquid scintillation counter. Radioactivity was expressed in terms of disintegration per minute per gram of wet tissue (becquerels per gram). The [ 3 H]NE uptake of slices was defined as the tissue content of radioactivity at the beginning (C B ) of the perfusion period. This value was calculated according to the following equation:
where FR i is the released radioactivity in the fraction number i, and C E is the tissue content measured at the end of the experiment. The neuronal release of [ 3 H]NE was measured by the integration of the surplus release over baseline in response to electrical stimulation. When the effect of CH-38083 was studied, the response to electrical stimulation in the presence (FRS 2 ) and absence (FRS 1 ) of the drug was compared (FRS 2 /FRS 1 ratio). Data are the mean Ϯ SEM of four independent experiments and were analyzed using two-tailed t test or ANOVA followed by Tukey-Kramer multiple comparison where appropriate (see Results).
In vivo microdialysis experiments
NET KO or WT mice of both sexes (28 -30 gm) were anesthetized with pentobarbital (75 mg/kg, i.p.). The animals were placed in a stereotaxic frame and a homemade concentric dialysis probe (membrane, Spectrapor; permeability 6000 Da molecular weight; outer diameter, 0.2 mm; active length, 3.7 mm) was implanted into the right hippocampus (coordinates with respect to bregma: anteroposterior, Ϫ2.7; mediolateral, ϩ3.5; dorsoventral, Ϫ4.8). The probe was perfused with modified Ringer's solution (in mM: 147 NaCl, 4 KCl, 1.2 CaCl 2 , 1.0 MgCl 2 ) at a rate of 1.4 l/min.
Sample collection was started 60 min after the probe insertion (equilibrium period), and the 15 min samples were analyzed immediately by the HPLC system. After the stabilization of NE release (typically after the collection of six to seven basal samples), animals received an intraperitoneal injection of CH-38083 (10 mg/kg), and the effect was studied in the next 60 min. In some experiments, tetrodotoxin (TTX, 1 M) was added to the Ringer's solution after the stabilization of baseline and was perfused for 90 min to verify the neuronal origin of NE. To maintain anesthesia, supplemental pentobarbital (15-20 mg/kg) was applied 2 hr after the first injection. Body temperature was maintained at 37°C using a heating blanket. After the experiments, mice were killed, and the placement of the probe was verified by stereomicroscopic examination. In case of incorrect location, data were excluded from the analysis.
The NE content of samples was determined by an HPLC-electrochemical detector system consisting of a Shimadzu LC-10ADVP pump (Shimadzu, Kyoto, Japan), an electrically actuated injection valve (Valco International, Schenkon, Switzerland), and a Coulochem II electrochemical detector (ESA, Chelmsford, MA). The working potentials were set at Ϫ300 and ϩ275 mV for the first and second cell, respectively. Separation was achieved on a reversed-phase column (Supelco LC-18-DB; Sigma, St. Louis, MO) with a mobile phase consisting of 0.15 M sodium dihydrogen phosphate, 1.6 mM sodium octanesulphonate, 1.0 mM EDTA, and 12% methanol, pH 3.7. Chromatograms were collected and analyzed by the MAXIMA 820 chromatography software. The detection limit of the assay was 0.2-0.3 pg/sample (on column).
Statistical analysis was performed on raw data (expressed as picograms per 20 l sample; not corrected for probe recovery) or in some cases on normalized data, in which the average concentration of three samples before the injection of CH-38083 was taken as 100%, and all of the values were expressed relative to this control. Statistical analysis was performed using two-way ANOVA with repeated measures followed by Dunnett's or Tukey-Kramer multiple comparison test. When the area under the curve was compared (NET KO vs control), the response to CH-38083 was calculated as a surplus over the baseline and was analyzed by unpaired two-tailed t test. The level of significance was set to p Ͻ 0.05.
Materials
Citalopram HBr was a gift from Lundbeck (Copenhagen, Denmark) (GBR 12909 and nisoxetine HCl were obtained from Sigma). L-7,8 (Fig. 1 A) . The B max value was 156.1 Ϯ 6.7 fmol/mg protein with a K d of 1.01 Ϯ 0.05 nM. In contrast, specific binding of [ 3 H]nisoxetine was close to zero in the NET KO mice, verifying the absence of NET.
PCR studies
The presence of NET was also tested by PCR analysis. In WT (ϩ/ϩ) mice, a 470 bp product representing the NET gene was detected. In heterozygous (ϩ/Ϫ) animals, an additional band of ϳ700 bp was also amplified with primers detecting the entire coding region of the eGFP gene that was also inserted into the genome during homologous recombination (Xu et al., 2000) . In NET KO (Ϫ/Ϫ) mice, only the eGFP gene was amplified (Fig.  1 B) , showing the absence of NET in these animals. Although in the NET KO mice the uptake was substantially decreased, it was still 142 Ϯ 10 kBq/gm of wet tissue (12.6% of WT control; p Ͻ 0.001; two-tailed t test). The majority of this uptake proved to be neuronal, because in the presence of a mixture of selective monoamine uptake blockers (1 M each of nisoxetine, citalopram, and GBR 12909), that is, under complete inhibition of neuronal monoamine transporters, the uptake further decreased to 50 Ϯ 3 kBq/gm of wet tissue (here defined as nonspecific uptake; 35.2% of NET KO control; p Ͻ 0.01; ANOVA followed by Tukey-Kramer multiple comparison test). The SSRI citalopram (1 M) alone resulted in a similar decrease (69 Ϯ 8 kBq/gm of wet tissue; 48.5% of NET KO control; p Ͻ 0.01; not significantly different from nonspecific uptake), which corresponded to a 79.4% inhibition of the residual neuronal uptake (total Ϫ nonspecific) in NET KO mice (Fig.  2 A) . In the frontal cortex of WT mice, the uptake of [ 3 H]NE was 958 Ϯ 80 kBq/gm of wet tissue. This uptake was reduced to only one-third (321 Ϯ 38 kBq/gm of wet tissue; 33.5% of the WT control; p Ͻ 0.01; two-tailed t test) in NET KO mice. Citalopram (1 M) caused a substantial additional decrease (97 Ϯ 4 kBq/gm of wet tissue; 30.2% of the NET KO control; p Ͻ 0.001; ANOVA followed by Tukey-Kramer multiple comparison test) (Fig. 3A) . The citalopram-insensitive uptake was not attributable to any monoamine transporter activity, because the combination of citalopram, nisoxetine, and GBR 12909 (1 M each) resulted in the same extent of inhibition (nonspecific uptake, 102 Ϯ 14 kBq/gm of wet tissue; 31.8% of the NET KO control; p Ͻ 0.001; not significantly different from "citalopram alone" group) as citalopram alone (Fig. 3A) . Thus, the residual neuronal [
3 H]NE uptake in NET KO mice completely disappeared (100% inhibition) in the presence of citalopram. (Fig. 2 B) . A very small electrical-stimulation-evoked release could be observed even in the presence of nisoxetine, citalopram, and GBR 12909 (2.19 Ϯ 0.73 kBq/gm of wet tissue; 9.5% of NET KO control; p Ͻ 0.001; "nonspecific" release, not significantly different from the citalopram-alone group). Because in this case the neuronal uptake was fully inhibited, this residual release was regarded as a consequence of nonspecific accumulation of [ 3 H]NE (e.g., passive diffusion through the membrane). The specific release (total Ϫ nonspecific) in the NET KO group almost completely disappeared in the presence of citalopram (94.1% decrease compared with the NET KO control). In the frontal cortex, the electrical-stimulation-evoked release was 57. (Fig. 3B) .
Study of the presynaptic modulation of norepinephrine release in vitro and in vivo: stimulation-evoked [ 3 H]norepinephrine release and microdialysis experiments
The release of NE from noradrenergic varicosities is subject to presynaptic modulation by ␣2-adrenoceptors. This regulatory mechanism was investigated by using the selective ␣2-adrenoceptor antagonist CH-38083 (Vizi et al., 1986) .
Electrical stimulation-evoked release of [ 3 H]NE
In control experiments, the FRS 2 /FRS 1 ratio was close to 1 (0.98 Ϯ 0.06; n ϭ 4). In the NET KO group, this value was lower (0.78 Ϯ 0.05; n ϭ 4), but the difference was not significant. The ␣2-adrenoceptor antagonist CH-38083 (1 M; applied before the second stimulation) significantly increased ( p Ͻ 0.01, compared with WT control by ANOVA followed by Tukey-Kramer multiple comparison test) the release of NE in WT animals (1.98 Ϯ 0.04; n ϭ 4) but had no effect on the stimulation-evoked NE efflux in the NET KO mice (0.84 Ϯ 0.09; n ϭ 4) (Fig. 4) .
In vivo microdialysis experiments
The basal release of NE was significantly higher ( p Ͻ 0.01; unpaired two-tailed t test) in the NET KO animals (4.13 Ϯ 0.65 pg/20 l sample; n ϭ 6) than in the WT group (1.84 Ϯ 0.20 pg/20 , and nisoxetine were used, the drugs were present at 1 M throughout the experiment from the beginning of the loading period. The values represent the mean Ϯ SEM of four to six independent experiments. WT and NET KO control data were compared by a two-tailed t test (***p Ͻ 0.001), whereas data of the NET KO groups were analyzed using ANOVA followed by Tukey-Kramer multiple comparison test ( † † † p Ͻ 0.001; compared with NET KO control). l sample; n ϭ 4). The basal release proved to be neuronal, because (in separate experiments) infusion of TTX (1 M) for 90 min reduced the NE efflux by 65 and 85% in WT and NET KO mice, respectively (data not shown). The ␣2-adrenoceptor antagonist CH-38083 (10 mg/kg, i.p.) increased significantly the NE release in both groups (Fig. 5) ; however, the effect was stronger in the NET KO mice. This difference was not a simple consequence of the higher basal concentration, because the analysis of normalized data (Fig. 5, inset) showed that the surplus release over the baseline doubled (area under curve, 481.44 Ϯ 81.66 vs 258.44 Ϯ 53.93, in arbitrary units; p Ͻ 0.05; unpaired two-tailed t test), and the effect at 60 min was tripled (62% increase vs 193% increase; p Ͻ 0.05; two-way ANOVA with repeated measures followed by Tukey test) in the NET-deficient animals.
Discussion
In vitro release and uptake of [ 3 H]norepinephrine Our main goal was to investigate the changes in the function of the noradrenergic system induced by the genetic deletion of NET, and to explore the possible interaction between the noradrenergic and other monoaminergic systems. We studied, therefore, the uptake and electrical-stimulation-evoked release of [ 3 H]NE in the hippocampus, which is innervated primarily by serotonergic and noradrenergic neurons (Mongeau et al., 1997; Vizi and Kiss, 1998) and in the frontal cortex, in which dopaminergic innervation is also present (Descarries et al., 1987; Doucet et al., 1988) . Our most important finding is that, in the brain slices of NETdeficient mice, a variable portion of [ 3 H]NE uptake persisted, and as it was evidenced by release experiments, a substantial part of [ 3 H]NE was taken up by neurons. The use of the highly selective 5-HT uptake inhibitor citalopram provided convincing evidence that this uptake was mediated via SERT. The selectivity of citalopram is the greatest among SSRIs; the K i values for 5-HT, NE, and DA are 14 nM, 32 M, and 41 M, respectively (Hyttel, 1977) ; therefore, at the concentration (1 M) used in our experiments, only the SERT was effectively inhibited. The hippocampus is densely innervated by noradrenergic and serotonergic varicosities but contains only sparse dopaminergic innervation; the ratio is 30:25:1 for 5-HT/NE/DA (Feuerstein et al., 1986) . The average densities of serotonergic (Oleskevich and Descarries, 1990) and noradrenergic (Oleskevich et al., 1989) varicosities are 2.7 and 2.1 million/mm 3 , respectively. Because of the genetic deletion of NET, only SERT is present in the hippocampus, which provides additional support for our conclusion that [ 3 H]NE was taken up by serotonergic neurons. In the frontal cortex, there is also a significant dopaminergic innervation; however, the overall density of dopaminergic varicosities is only 0.25 million/mm 3 , whereas those of the noradrenergic and serotonergic varicosities are 1.2 and 5.8 million/mm 3 , respectively (Audet et al., , 1989 . In addition, immunocytochemical studies show that the density of transporters and monoaminergic varicosities is not necessarily proportional in a given region (Ciliax et al., 1995) . In the prefrontal cortex, DAT immunoreactivity is observed only on the intervaricose segments but not on the varicosities, which suggests that the number of DAT might be very low in this region (Sesack et al., 1998) . A recent observation suggests that DAT plays a minimal role in the clearance of DA in the frontal cortex, because the selective DA uptake inhibitor GBR 12909 fails to block the uptake of DA (Moron et al., 2002 3 H]NE uptake is supported also by quantitative differences. In the hippocampus, in which the ratio of serotonergic and noradrenergic innervation (density of varicosities) is close to 1, only 12.6% of the uptake was preserved, whereas in the frontal cortex, in which the serotonergic innervation predominates (the ratio is Ͼ4), a higher uptake (33.5%) could be observed. The higher uptake resulted in a proportionally enhanced release, which underlines the functional significance of heterologous uptake of NE by serotonergic terminals and suggests that the firing rate of serotonergic neurons might influence the extracellular concentration of NE.
Presynaptic modulation of norepinephrine release
The hippocampal release of NE is inhibited by presynaptic ␣2-adrenoceptors located on noradrenergic varicosities (Vizi, 1979; Starke, 1981; Milusheva et al., 1994; Kiss et al., 1995) . Although presynaptic ␣2-adrenoceptors can be found also on serotonergic terminals (Maura et al., 1982; Zhang et al., 1995; de Boer et al., 1996; Scheibner et al., 2001) , it has been shown that the two ␣2-adrenoceptor populations are pharmacologically distinct (Frankhuyzen and Mulder, 1982; Mongeau et al., 1993) . This difference might explain that the ␣2-adrenoceptors regulating 5-HT release are desensitized during chronic antidepressant (desipramine, nisoxetine) treatment (Blier and Bouchard, 1994; Mongeau et al., 1994; Yoshioka et al., 1995) , but the autoreceptors on noradrenergic varicosities preserve their activity (Schoffelmeer and Mulder, 1982; Campbell and McKernan, 1986; Mongeau et al., 1997) . Our microdialysis data show an elevated extracellular concentration of NE in NET KO mice; thus, the neurochemical conditions resemble a chronic antidepressant treatment, and the ␣2-adrenoceptors on serotonergic terminals are most likely desensitized. We observed that the electricalstimulation-evoked [ was not modulated by ␣2-adrenoceptors in the NET KO mice, but the in vivo NE release could be enhanced by the ␣2-adrenoceptor antagonist CH-38083. This indicates that the source of [ 3 H]NE release is the serotonergic varicosity, which accumulated the labeled transmitter via SERT, whereas in microdialysis experiments, we measure the endogenous NE release directly from the noradrenergic terminals where the efficacy of CH-38083 is even higher in the NET KO mice. This increased efficacy shows that the autoreceptors are not desensitized and the inhibitory tone on NE release is stronger because of the elevated extracellular concentration of NE. Our data on the presynaptic regulation, therefore, also support the assumption that [
3 H]NE is accumulated and released by serotonergic terminals.
Significance of the heterologous uptake of monoamines Accumulating evidence indicates the existence of heterologous uptake among DAT, NET, and SERT. Early studies using selective uptake blockers and specific pathway lesions proved that [ 3 H]DA could be taken up by noradrenergic and serotonergic neurons (Descarries et al., 1987) . Later, microdialysis studies confirmed that NET can influence the dopaminergic neurotransmission, because NET inhibitors increased the extracellular DA concentration in the prefrontal cortex (Carboni et al., 1990; Yamamoto and Novotney, 1998) . In voltammetry experiments, inhibition of NET significantly decreased DA clearance (Mundorf et al., 2001) . Consistent with this finding, it has been proposed that clearance of DA by NET plays a role in cocaine self-administration in DAT KO mice (Carboni et al., 2001) . The connection between dopaminergic and serotonergic uptake has also been described. It has been shown that dopaminergic terminals take up and release [ 3 H]5-HT in the striatum and serotonergic varicosities take up and release [ 3 H]DA in the hippocampus of rabbit (Feuerstein et al., 1986) . A paper reported that cocaine place preference persists in DAT or SERT KO mice, but disappears in combined DAT/ SERT KO animals, suggesting that both systems contribute to the rewarding effects of cocaine (Sora et al., 2001) . Thus, the NET-DAT and the DAT-SERT interaction is well documented in the literature, but the functional connection between the NET and SERT, especially the fact that SERT may take up NE and serotonergic varicosities can release NE, is a novel finding. Our release experiments show that this heterologous uptake may have functional consequence, because the cortical release of [ 3 H]NE was not decreased significantly in the NET-deficient animals; that is, the serotonergic system could substantially contribute to noradrenergic neurotransmission in NET KO animals. But what is the relevance of this finding in normal animals? An obvious difference is the presence of functional high-affinity NET on noradrenergic varicosities. In addition, the extracellular concentration of NE is much lower than in the NET-deficient animals. These circumstances reduce the chance of SERT being involved in noradrenergic neurotransmission to a similar extent as that observed in NET KO mice. Nevertheless, comprehensive data are not available on the density of NET in different brain regions; therefore, it is possible that certain areas receive noradrenergic and serotonergic projections but the density of NET is low, similarly to those conditions described in the prefrontal cortex in the case of dopaminergic pathways and DAT (Ciliax et al., 1995; Sesack et al., 1998) . In such areas, the role of SERT might be important. In addition, the ability of 5-HT terminals to take up and release NE might be revealed under conditions when the function of NET is compromised by an endogenous or exogenous (e.g., drug effect) reason.
Conclusions
The functional interaction between noradrenergic and serotonergic varicosities in the CNS may have a great clinical importance, because these monoaminergic systems are involved in the pathophysiology of depression and their modulation is the major direction of recent antidepressant therapies. Our results provide evidence for the first time that, under certain conditions, serotonergic varicosities take up NE via SERT and might release NE in response to neuronal activity; thus, the serotonergic system might directly contribute to the regulation of extracellular NE concentration in the CNS. Because of this interaction, the SSRIs, despite their selectivity for SERT, might enhance not only the serotonergic but also the noradrenergic neurotransmission, at least in brain areas in which the density of SERT is higher than the density of NET or the function of NET expressed on noradrenergic varicosities is impaired. These findings may provide a better understanding of the functional properties of monoaminergic systems and the mechanism of action of antidepressant drugs.
